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4 AESTRACT 

Comparatively l i t t l e  data are availzble regarding the perform- { ance of catalysts  in  the cyclic steam-hydrocarbon reforming process 
1 used by the u t i l i t y  gas industry on the Eastern Seaboard, and more 
1 extensively in Europe and A s i a .  In this study, several  commercial 

types of supported nickel catalysts  having e i t i e r  alumina or 
magnesia as the base material were subjected t o  cyclic process con- 
ditims in a laboratory refomzing apparatus. Catalyst perfommi-ce 
and catalyst  l ife were signif'icantly affected by the oxygen which 

' was present during the heating portion of the cycle. 
' continuous s team-hydrocarbon reforming process used extensiveiy by 

the chemical industry f o r  production of hydrogen and amnonia syn- 
1 thesis gas, performance of the cyclic process w a s  not found t o  be 
4 singularly dependent on the a c t i v i t y  of the catalyst  f o r  the steau- 

hydrocarbon reaction, but rather under cer ta in  conditions t o  be con- 
t r o l l e d  by the r a t e s  of oxidation and reduction of the nickel. 
these tests, l i .fe of alumina-supported catalyst  w a s  r e l a t ed  t o  the 
formation of an unreactive compound between nickel oxide and the 
support. W e  of the magnesia-supported catalyst  w a s  r e l a t ed  t o  
s o l i d  solution formation between nickel oxide and the support. The 

! inadequacy of present manufacturing specifications and testing pro- 
? cedures f o r  nickel catalyst  for cyclic reforming is  i l l u s t r a t e d  by ,! these resu l t s .  

1 
) 

U n l i k e  the 

In 

i 
i 



-LO-. 

NOT FOR TUBLIGATION 
Presented Before the Division of Gas and Fuel Chemistry 

American Chemical Society 
Chicago, I l l i n o i s  Meeting, September 7-12, 1958 / 

PEFPOWCE OF SUPPORTED NICKEL CATALYSTS Ip? CYCLIC 

J. M. Reid and D. M. Mason 
I n s t i t u t e  of G a s  Technology 

Chicago, I l l i n o i s  

STEAM REFORMING OF NATURAL GUS i 

INTRODUCTION 

w e i g h t  hydrocarbons i s  a w e l l  established process.6~29132~39y40y41 
It has been applied extensively i n  the chemical industry where large 
quant i t ies  of hydrogen are required, as i n  the case of ammonia syn- 
thesis. A f e w  Ins t a l l a t ions  have also appeared i n  the u t i l i t y  gas 
industry f o r  the production of low heating value f u e l  

The process i s  carried out i n  a tube furnace in which preheated 
steam and hydrocarbon are passed through external ly  heated catalyst- 
f i l l e d  tubes. 
carbon monoxide and some carbon dioxide. This reaction is  highl 
endothermic. Reaction temperatures range from about 120O0F. t o  d O O ° F .  
and pressures from atmospheric t o  several  atmospheres. The most 
commonly employed ca t a lys t  i s  reduced nickel oxide supported by a high 
surface area re f r ac to ry  material; nickel concentrations range from 
several  weight percent t o  more than 30. 

Performance of these catalysts  has been extensively investigated.- 
5’30’31 In addition t o  process conditions, the major f ac to r s  influ- 
encing the ca t a lys t  behavior have been shown t o  be poisons such as 
s u l w  compounds contained i n  the feed streams, and physical proper- 
t ies of the ca t a lys t  such as surface area, porosity and c r y s t a l l i t e  
s ize .  With proper control  of process variables,  the ca t a lys t  appears 
t o  have e s sen t i a l ly  unlimited l i f e  in  commercial operation. 

Catalytic steam reforming of natural  gas and other low molecular 

The hydrocarbon and steam reac t  t o  produce hydrogen, 

Cyclic Reforming 
Prior t o  World W a r  11, the u t i l i t y  gas industry i n  the U n i t e d  

S t a t e s  was based almost en t i r e ly  on carburetted w a t e r  aas moduced . 
from coke, steam and o i l  in cyclic apparatus. The a v a i r a b i h t y  of low- 
cos t  natural  gas t o  major population centers through long distance 
pipe lines constructed in the post-war era made processes based on 
s o l i d  f u e l  economically unfavorable. Where conditions warranted the 
continued d i s t r ibu t ion  of low heating value gas, i t  was necessary t o  
f l n d  some means f o r  converting natural gas. The ca t a ly t i c  s t e m  re- 
forming process was idea l ly  sui ted f o r  this purpose. 
process as developed by the chemical Industry i s  carr ied out i n  con- 
tinuous tube fbrnaces. 
would require the capi ta l izat ion of e n t i r e  new manufacturing plants t o  
replace the ex i s t ing  carburetted water gas plants.  A more a t t r ac t ive  
scheme f o r  the u t i l i t i e s  w a s  made possible by the United Gas Improve- 
._. ment Company, which pioneered the development of the cyclic reformlng 
process in the United States.20~26~34~35r42944 The cyclic process I 

could be carr ied out by a r e l a t ive ly  low-cost modification of  the 
exis t ing carburetted water gas equipment. A s  a resu l t ,  17 cyclic pro- 
cess Ins t a l l a t ions  a r e  i n  use in the eestern p a r t  of  the United 
States .  3925 - 

However, the 

To adapt this process t o  the gas industry 
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The Cyclic Catalytic Reforming ( C C R )  process differs from the 
conventional continuous process, basically,  only i n  the manner i n  
which the heat requirements are supplied. F i r s t ,  the ca t a lys t  bed 
located i n  one of the refractory-lined she l l s  from the carburetted 
Water gas apparatus i s  heated to  reaction temperature by the passage 
of hot products of combustion supplied by e i the r  o i l  or gas burners. 
This Ls followed by a reforming s tep i n  w'nich steam m-d hydrocarbon 
are  passed through the ca t a lys t  bed. 
r y  shapes used f o r  process steam preheat a d  in the ca t a lys t  bed 
during t'le heating s tep is  used during t i e  reforming step.  Steam 
Purges are normally used t o  separate the h e a t k g  and refoming s teps .  
The en t i r e  cycle sequence is generally completed i n  less thm f i v e  
minutes. 

The catalyst  employed i n  the cyclic reforzing process i s  similar 
t o  continuous reforming catalyst  i n  that it i s  metall ic nickel support- 
ed by a refractory material. Properties of  t'ne refrectory supccrt 
a re  necessarily more s t r ingent  f o r  the cyclic process because ei' the 
thermal shock associated w i t h  cyclic heating and cooling of t'ze ca ta i  
l y s t  bed and because of a tendency f o r  the bed t o  l i f t  o r  move . 
s l i g h t l y  with cyclic flow changes. The asteria1 used almost  ur2:ier- 
s a l l y  i n  commercial operation consists of fused spherss 1/2 to  1 inch 
in diameter, of impure alumina (90%) having medium porosity ( W - ' + O $ )  . 
The catalyst  i s  prepared by impregnating the spherical  s i a q o r t  w i t h  2. 
nickel sa l t  solution and then decomposing the nickel salt  t o  nickel 
oxide by heating i n  air t o  about 6 O O O C .  

Performance of the catalyst  has been commerciall'y ecceptable for 
u t i l i t y  operation, but the catalyst  has decidedly short  l i f e  coqxred. 
t o  catalysts  used in the continuous reforming process.25 Ordiczrily 
more than 50% of the or iginal  catalyst  a c t i v i t y  i s  l o s t  after 2000 t o  
4000 hours of operation w i t h  one inch diameter catalyst .  For 1/2- 
inch diameter catalyst  ,where r e l a t ive  light catalyst  loading is used, 
somewhat longer l i f e  is  obtained. Plant capacity i s  obviously affect-  
ed by l o s s  in catalyst  activity,and replacement of at l e a s t  par t  of 
the catalyst  is  required annually. 

Efforts t,o improve catalyst  performance in the cyclic process 
have recently become of considerable interest t o  u t i l i t y  compazies 
using the CCR process.z5 In addition, extension of tine CC?, p=.ocess 
t o  l i qu id  hydrocarbon operation and the development of severel new 
gas manufacturing processes which incorporate i ~ . s o a e  forn the 
principles of cyclic ca t a ly t i c  steam reforming of hydrocarbons 'nave 
focused at tent ion on the performance of ca ta lys t  under cycl ic  condi- 
t i o n ~ . ~ ' ~ ~ ~ ~ ~ , ~ ~ ' ~ ~  In a recent study a t  the'  I n s t i t u t e  of G a s  
Technology, the cyclic performance of several supported nickel 
catalysts  was investigated under closely controlled conditions i n  the 
laboratory. It w a s  the object of this study t o  determiie the factors  
unique t o  the cyclic process which governed catalyst  performance and 
were responsible f o r  r e l a t ive ly  short  catalyst  l i f e .  Significant re- 
s u l t s  of this study are  presented here. 

The heat stored in-tine refracto- 

il 

EXPERIMENTAL 

This study was l imited t o  commercial catalysts  containing approx- 
imately 5 w e i g h t  Support materials were e i the r  fused 
alumina (a -AL203p or fused periclase ( Q O )  . All of the catalyst  
p e l l e t s  were i n  the form of nominal 1-inch diameter spheres except f o r  
one sample w i t h  high-purity alumina support which consisted of irreg- 
u l a r l y  shaped, 1-inch lumps. Only the lower puri ty  alumina 
base catalyst  contained magnesium oxide promoter. Properties of the 

er cent nickel. 
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unused catalysts  a r e  shown below. 
Catalys t Designation A 
Acid Soluble Nickel, w t .  5 5.14 I 

Magnesium Oxide Promoter, w t .  $ 1.81 
Support Composition, w t .  $ 

86.85 a203 
MgO; 
si02 12.90 
C a O  -- 
Fe 0.25 

Pe l l e t  Shape Sphere 

-- 

C D J  4.48 4.99 5-16 j 

I 

B 

None None None 

0 . 3  - - 95.5 - 
3.0 - 
1.0 - 
0 .2  - 

- 99c -- 
-- _L 

-- - 
-- - 

I r regular  Sphere Sphere 
( 

Catalyst nickel  concentration data appearing throughout this 
paper r e f e r  t o  t h a t  nickel  portion of the catalyst  which w a s  soluble 
in n i t r i c  acid. The n icke l  content was determined by boiling a pound , 
(minus-100 mesh) sample w i t h  concentrated n i t r i c  ac id  u n t i l  the disap- 
pearance of brown rUmes, followed by f i l t r a t i o n  and gravimetric deter- ’ 
mination by a standard dimethylglyoxime method. 

X-ray diffract ion patterns of the catalysts  were obtained by the 
Debye-Scherrer powder camera method. 

Reforming tests were conducted in the apparatus shown i n  Figure 1. 
The reactor consisted of a 3.125-inch I.D. x 102-inch long, Type 310 
stainless s t e e l  tube with a central ly  located 0.675-inch O.D. thermo- 
well  of  the same a l l o y  inserted through the bottom. The reactor tube 
was suspended i n  a Smith a l loy  wound e l e c t r i c  mrnace with four  inde- 
pendently controlled heating zones. The temperature in each zone was 
regulated by potentiometric temperature indicator-controllers i n  com- 
bination w i t h  chromel-alumel thermocouples. The control thermocouple 
was welded t o  the outside skin of the reactor tube a t  the center of 
each heating zone. Additional chromel-alumel chermocouples located i n  
the internal  thermowell were used t o  measure the ca t a lys t  temperature 
at three points w i t h i n  the bed and the feed gas stream temperature 
immediately before enter ing the bed. 

Provision was made t o  weigh d i s t i l l e d  water,which was fed by a 
chemical proportioning pump through an e l e c t r i c a l l y  heated steam gen- 
erator t o  the top of the reactor  tube. Natura l  gas w a s  fed from high- 
pressure cylinders through a pressure regulator and gas meter t o  the top 
of the reactor tube,where i t  w a s  mixed with the steam feed. Product ’ 
gas was withdrawn from the bottom of the reactor tube through a water- , 
cooled tube  and shell  condenser,where excess steam w a s  removed. The 
cooled product gas stream w a s  measured w i t h  a second gas meter before 
being discharged through a back- pressure regulator t o  the sampling 
system. All  measured gas volumes were corrected t o  standard cubic 
f e e t  (SCF) a t  6 0 O ~ .  , 30 inches of mercury pressure, and saturated W i t h  
water vapor. A side stream of the product gas w a s  collected f o r  a 
recording calorimeter and f o r  Orsat and mass spectrometer analyses. 

For each reforming t e s t  a 0 . 1  cubic foo t  sample of catalyst  was 
placed i n  the lower two heating zones of the reactor furnace and 
formed a 24-inch deep bed. Ine r t  periclase spheres were used below 
the catalyst  t o  properly space the bed i n  the reactor tube. 

The apparatus as described w a s  sui table  for conducting the con- 
tinUOUs reforming process. For cyclic operation, additional equipment 
was required. Provisions were made f o r  supplying and metering both 
nitrogen ( f o r  purging) and a i r  in a manner similar t o  the natural gas 
feed system. The na tu ra l  gas, nitrogen and a i r  feed l ines  were equipped . 
w i t h  e l e c t r i c a l l y  operated solenoid va lves  which were opened and 
closed by a repeat cycle sequence timer. The steam feed system, 
reactor  and product gas handling system were ident ical  f o r  cyclic 
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operation as f o r  continuous reforming t e s t s .  A simple switching system 
made it  possible t o  change from continuous operation t o  cycl ic  opera- 
t i o n  without interrupt ion.  

Reforming t e s t s  were long enough t o  insure attainment of equili-  i 
brium. The test period w a s  normally about three t o  four  hours a f t e r  , 
steady state w a s  reached. 

I 
FACTORS INFLUENCING CATALYST A C T M T Y  IN CYCLIC REFORMING 

I n  the continuous reforming process the ca t a lys t  i s  a t  a l l  times , i n  the reduced state and a t  a constant temperature. 'ke major reac- 
t i o n  which i s  a f f ec t ed  by the condition of the ca t a lys t  i s  that  be- 
tween the hydrocarbon and steam: 

Subsequent react ion between p a r t  of the product carbon monoxide and 
steam has l i t t l e  influence on react ion (1) or on the abi l i ty  of the 
ca t a lys t  t o  promote reaction (1) : 

CO + H20 - COz + Ha ( 2 )  ' 

The overall  ca t a lys t  performance i s  therefore governed by the a b i l i t y  
of the ca t a lys t  to  promote the steam-hydrocarbon reaction a t  the tem- 
perature maintained i n  the ca t a lys t  bed. 

Cyclic reforming i s  an exceedingly complex process by comparison. 
Neither ca t a lys t  temperature nor composition of t he  atmosphere remain 
constant. I n  a s lng le  cycle the ca t a lys t  i s  first heated,then cool- - 

ed; oxidized, then reduced. The extent of these changes varies widely 
i n  actual practice.  I n  some cases, combustion is controlled during 
the heating portion of the cycle so that the combustion products 
contacting the  ca t a lys t  a r e  e s sen t i a l ly  neutral .  The quantity of 
ca t a lys t  which i s  oxidized in this instance i s  small. Another method 
of operation employs a cer ta in  amount of excess air i n  the combustion 
products t o  take advantage o f  the heat released i n  the catalyst  bed 
by combustion of nickel  metal.7 Other forms of cycl ic  reforming re- 
quire the passa e of undiluted air through the ca t a lys t  during the 
heating cycle.2g I n  a l l  methods o f  operation, process heat i s  stored 
i n  the massive ca t a lys t  bed during the heating per iod  f o r  use during 
the make period. The catalyst ,  therefore,  undergoes a significant 
chznge i n  temperature throughout the cycle. 

Because of the changes i n  atmosphere throughout the cycle, other 
reactions besides react ion (1) occur i n  the cycl ic  process and are 
dependent upon the c a t a l y s t .  
understood, a t  l e a s t  two other reactions of importance are those betweer 
metal l ic  nickel  and oxygen and between nickel oxide and a reducing 
agent. 

Although the cycl ic  process is  not fu l ly  

2 N i  + O2 - 2 N i 0  ( 3 )  

(2n + 5) N i O . +  CnHm -(2n + $!) N i  + nCOz + m 2 HzO ( 4 )  
Reaction ( 4 )  represents o n l y  the most probable stoichiometric rela- 
tionship,and is  not intended to  indicate the actual  mechanism of re- 
duction in the process. 

i n  the hydrocarbon feed, and n i t r i c  oxide in the combustion products 
used for heating,affect the process. 

' 

Other const i tuents  of the react ing gases, such as sulfur compounds : 
I 
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It i s  apparent that the overal l  ca t a lys t  perfo,mace in the 

cyclic process i s  governed by the behavior of the ca t a lys t  i n  a11 o f  
the s i w i c a n t  reactions which occur during the cycle, together w i t h  
the change i n  catalyst  temperature over the course of a cycle. 
r a t e s  of one o r  more of these reactions may be controll ing f o r  a se- 
lected cycle so that the process i s  not s ingular ly  dependent oi-i 
reaction (1) as in the case of' continuous reforming. 

cyclic operation W f e r s  f rom continuous reforminga s e r i e s  of  
cyclic tests were made in the laboratory r e f o m + @ ;  apparatus at reac- 
t o r  tube w a l l  temperatures Prom 1400OF. t o  lgOCoP. (Ta.ble. 1). The 
catalyst  samples used were f i r s t  determined to have approximately 
equal ac t iv i ty  for contbuous reformtcg a t  a s e t  of standard a c t i v i t y  
t e s t  conditions in the same apparatus (see Table 2 ) .  Tne cycle sim- 
l a t ed  conditions f o r  a process presently under development a t  tbe 
I n s t i t u t e . 2 8  After each cycl ic  test, the a c t i v i t y  of the catalyst  
was a g a h  checked at continuous conditions t o  ascer ta in  that no  Fer- 
manent change i n  the catalyst  had occwTed during the course of t'ne 
tests. Overall- catalyst  performance i s  i l l u s t r a t e d  by Figure 2, LL 
which the percentage of hydrocarbon conversion is p lo t t ed  against re- 
actor tube wall temperature. It c m  be seen that al+&ough the 2ctiv- 
i t y  of a l l  of the catalyst  samples was considered equivalent f o r  tEe 
continuous process, under cycl ic  conditions their performance differed 
widely. mot ordy were the levels  of hydrocarbon conversFon different  
f o r  each catalyst ,but +&e e f f ec t  of temperatme on conversion v y i e d  
s ignir icant ly  f o r  the a f f e r e n t  catalysts .  

Several general character is t ics  of' c a t a lys t  behavior under cyclic 
conditions can be observed from the data in  Table 1 and Figure 2.  
The magnesia-supported catalysts  used in t'nis study wepe less  SffPC-  
t i v e  . for  cyclic reforming th+n were the. aluIzlina-supported catalysts .  
N q t .  only did the magnesia-supported cata-lysts (curves C(b)  and D,. 
Figure 2 )  give lower conversion a t  equivalent tenperature and natural  
gas feed space velocity than did the alumina supported catalysts  
(curves A and B), but the decrease i n  conversion w i t h  reduction in 
temperatme was also much more severe. 

There was a l s o  considerable evidence that the portion of nickel 
entering in to  oxidation and reduction reactions during the cycle w a s  
s e a t e r  ?or  the a l m i n a  supported catalysts .  This was indicated by 
the catalyst  temperature, carbon dioxide-carbon monoxide r a t i o  in the 
product gas, and agreement between the quant i t ies  of water clecornposition 
calculated from nydrogen and oxygen balances, In several  instances 
w i r h  the alumina-supported ca-lalyst, especially a t  high reactor tem- 
pera.-%mes 
ternperatwe approached or exceeded the reactor tube w a l l  temperatme ~ 

indicating a sizable release of exothermic react ion heat from oxida- 
t ion of metall ic nickel. I n  these same instances, the r a t i o  of carbon 
dioxide t o  carbon monoxide i n  the product gas vas considerably 'higher 
than the carbon oxides r a t i o  normally r e su l t i ng  from water-gzs shift 
reaction ( 2 ) .  This i s  due t o  carbon dioxide formation a t  the begin- 
ning of the cycle by reaction ( 4 )  i n  which nickel oxide is recluced t o  
metall ic nickel. The quantity of water deconposition f o r  the process 
calculated from both hydrogen and oxygen balances should agree i f  
only reactions (1) mri ( 2 )  were s ignif icant .  In  the runs where oxygen 
was transferred by the catalyst ,  the calculated quantity of steam de- 
com2osition based on a hydrogen balance appears lower than actual.  
Cofiversely, the oxygen content of carbon dioxide formed b s  reaction 
(4! w i l l  make the 

The 

To determine the extent t o  which the overali  ca t a lgs t  performame 

(see Runs 19, 20, 28 and 29, Table lj, the ca t a lys t  bed 

&I' oxygen balance 
balculated quantity of stem decomposition based on 
appear higher than actual .  These observations in  
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the case of the alumina-supported ca t a lys t  seem t o  indicate  higher 
rates of oxidation and reduction of nickel thm occurred w i t h  the 
magnesia-supported ca t a lys t .  

version and the apparent quant i t ies  of nickel cyc l i ca l ly  undergoin 
oxidation and reduction were higher f o r  the high puri ty ,  unpromote% 
alumina-base ca t a lys t  (B) than f o r  the lower puri ty  alumina-supported, 
magnesia,promoted c a t a l y s t  ( A ) .  It is not possible t o  d r a w  conclu- 
sions regarding the effect of base impurities and p rmote r  from these 
data, however. 

Overall ca t a lys t  performance as shown i n  Figure 2 does not indi- 
ca te  the specif ic  effect of individual ca t a lys t  properties, but rather 
r e f l e c t s  the cumulative e f f e c t  of the complex f ac to r s  Fnfluencing 
cycl ic  reforming operation which are not readily apparent from charac- 
t e r i s t i c s  of the c a t a l y s t  under continuous reforming conditions. One 
might conclude from these data tha t  high catalyst performance under 
cycl ic  conditions i s  closely related t o  the suscep t ib i l i t y  of the 
ca t a lys t  t o  oxidation and reduction of i t s  nickel content. This con-. 
clusion would seem logical, since it i s  evident that the steam-hydro- 
carbon reaction (1) i s  primarily dependent upon the presence of some 
form of metall ic nickel  as the ca t a ly t i c  agent. 

re la t ionships  between the electronic properties of semiconductor metal 
oxides and t h e i r  c a t a l y t i c  behavior has shed additional light on the 
f ac to r s  which influence the oxidation and reduction reactions of 
n i c k e 1 . 4 ~ 1 0 ~ 1 2 ~ 3 ~ ~ 3 7 y 4 5 ~ * ~ ~ 4 7  These factors  can be summarized as 
follows : 

It can a l s o  be noted that the general level  of hydrocarbon con- 
‘ 

Recent work in the  f i e ld  of s o l i d  state physics dealing w i t h  the 

Source of nickel  oxide. Nickel oxide prepared from different 
nickel salts can differ s ign i f i can t ly  i n  chemicalproper- 
t i e s .  2 J  27 
Treatment of n i cke l  oxide. Temperature, pressure and 
atmospheric exposure have been demonstrated experimentally 
to  chamge the susce t i b i l i t y  of nickel oxide t o  reduction 
by hydrogen.2’9J18,g7 It has been found that the combina- 
tion, sequence, duration and rate of change of treatment 
conditions are all important in determining i ts  behavior 
during subsequent reduction.18 Thus the treatment of 
nickel oxide during preparation of the catalgs%,and the 
treatment received i n  operation in  the cycl ic  process,are 
both important in determhlng its behavior. 
Promoters or  impurities i n  the nickel oxide. Studies have 
shown tha t  the inclusion of foreign m e t a l  ions i n  the 
c rys t a l  l a t t i c e  of nickel oxide has a pronounced e f f ec t  
on i t s  chemical reactivity,  including reduction t o  m e t a l l i c  
nickel. ’37 
Support material. 
reduction by hydrogen is inf‘luenced by the electronic  
nature of an adjacent materia1,even thou@ there is no 
chemical react ion or  s o l i d  solut ion between the two 
materials. 14’3*339 

The suscep t ib i l i t y  of nickel oxide t o  

It should be noted that the foregoing factors  are a l l  r e l a t ed  
t o  changes %or variat ions of, the c rys t a l  s t ructure  of nickel oxide. 
Present-day considerations i n  the manufacture of supported nickel 
reforming ca t a lys t s  include nickel concentration and dis t r ibut ion,  
support porosity, surface area and the mechanical properties of the 
support. The select ion o f  promoters i s  based largely on ini t ia l  
a c t i v i t y  considerations. Little at tent ion,  however, i s  given t o  
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conditions control l ing tne c rys t a l  structure of  the nickel and nickel 
oxide. In view of the significance of the oxidation-reduction re- 

In the continuous reforming process the catalyst ,  as long as it , 

1 i s  not poisoned by sulfur or  similar impurities in the feed stream, 
apparently has unlimited l i f e .  Since this has not been the case in 
commercial operation of the cyclic reforming process i t  was suspected 
t h a t  loss  of c a t a l y s t  a c t i v i t y  i n  cyclic use was r e l a t ed  t o  the oper- 
a t i n g  differences i n  the two processes already ci ted.  These are  
cycl ic  var ia t ion in atmosphere and catalyst  temperature which are not 
encountered i n  continuous reforming. All types of  catalyst  employed 
i n  the cyclic process have been subject t o  permanent l o s s  i n  ac t iv i ty ,  
although not necessar i ly  a t  the same rate. For example, 1-inch d i a m -  
e t e r  aiunina-base promoted catalyst ,  and 1- inch diameter magnesia- 

. bese unpromoted c a t a l y s t  have been observed t o  l o s e  a major pa r t  of 
t h e i r  a c t i v i t y  after 2000 t o  4000 hours of operation. On the other 
hand, some 1/2-inch alumina base unpromoted catalyst  has been 
reported t o  have given e s sen t i a l ly  constant performance f o r  about 
20,000 hours. 25 

, 

E- 
Since the atnosphere i n  the continuous reforming process i s  

allrays reducing, an investigation w a s  made of the e f f ec t  of an 
oxidizing atmosphere on the catalyst .  A ser ies  of  tests w a s  made i n  
the laboratory reforming apparatus w i t h  both magnesia-supported and 
elumina-supported ca t a lys t .  Each catalyst  was treated for 4 t o  6.5 
hours i n  a stream of a i r  a t  1700° and 1900OF. reactor tube wall t em-  
perature.  Before and a f t e r  each exposure, an a c t i v i t y  test was made 
a t  comparable continuous reforming conditions. Results of these tests 
a r e  shown i n  Table 2 .  

l i t t l e  change i n  reforming a c t i v i t y  w a s  observed even a f t e r  exposure 
at lgOO°F. Chemical analysis of the catalyst  following f i n a l  exposure 
indicated a n i t r i c  a c i d  soluble nickel concentration o f  4.08 weight 
per cent, compared t o  5.14 weight per cent before exposure. An x-ray 
d i f f r ac t ion  pa t t e rn  of the ca t a lys t  a f t e r  exposure contained l ines  
corresponding t o  nickel  aluminate (spinel)  which were not present in 
the pattern of the new catalyst .  It appeared that some of the nickel 
content o f  the c a t a l y s t  had formed an insoluble spinel compound with 
the support material during the period of exposure,but that the re- 
duction in concentration of available nickel was not suff ic ient  t o  
s ign i f i can t ly  a f f e c t  the reforming ac t iv i ty .  , 

With the magnesia-supported catalyst  ( C ,  
reduction in reforming a c t i v i t y  was observed a f t e r  exposure a t  17OO0F., 
bu t  following exposure a t  1900OF. the l?eform?ing a c t i v i t y  was approx- 
i n a t e l y  2 / 3  that of the or iginal  ca ta lys t .  Chemical analysis indi- 
cated a n i t r i c  ac id  soluble nickel concentration of 4.63 weight per 
cent following f i n a l  exposure compared t o  4.99 weight per cent i n  the 
new catalyst .  

With the alumina-supported ca t a lys t  (A, Tests 4 ,  5 and 6) , 

Tests 1, 2 and 3) ,  no 

The x-ray d i f f r ac t ion  pat tern of  the exposed catalyst  
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contained only l ines  corresponding t o  periclase (Tilgo). With the mag- 
nesia-supported catalyst ,  exposure i n  a i r  a t  elevated temperature had 
a more serious e f f ec t  on reforming a c t i v i t y  than in tne case of the 
alumina-supported ca t a lys t ,  althou& the reduction i n  n i t r i c  acid 
soluble nickel content was less, and no compound formation w a s  detected 
f o r  the magnesia catalyst .  AE exainination of the phase d iagrm f o r  the 
nickel oxide-magnesium oxide s g ~ t e t n ~ ~ ' ~ ~  does not indicate tne exis t -  
ence of a compound; however, Eolgersson and Karlsson confirmed the 
existence of a completely miscible system of s o l i d  solutions between 
these two materials.15 
have face-centered cubic l a t t i ce s  w i t h  nearly the same unit c e l l  
length, low concentrations of s o l i d  solution, if present, would pro- 
bably not be detectable in the x-ray diffract ion pattern.  

Although the specif ic  r e l a t ion  between catalyst  changes and re- 
forming ac t iv i tywas  not defined in  these tests, the indications f i t  
the circumstances. In the case of the alumina-supported catalyst ,  
combination of the nickel content w i t h  the alumin2 support t,o form 
spinel would be expected t o  reduce reforming ac t iv i ty , s ince  sp i r e1  com- 
pounds a re  very unreactive,uld reduction t o  metall ic nickel wi-ch 
hydrogen or hydrocarbons would be unlikely. 
nesia-supported catalyst ,  solution of the nickel content ii? t'ne un- 
reactive magnesium oxide l a t t i c e  could e a s i l y  m a k e  the nickel unavail- 
able f o r  reduction by hydrogen or hydrocarbons. Both cases vould be 
unique t o  the cyclic reforming procesg since e i the r  would proceed oLnly 
w i t h  nickel present as nickel oxide. 

Spinel 

formation w a s  rapid enough t o  contribute materially t o  loss of cate- 
l y s t  a c t i v i t y  a t  conditions of the cyclic reforming process. m l e s  
of both the high puri ty  alumina-base unpromoted cetalyst  (B), and The 
lower puri ty  alumina-base magnesia-promoted catalyst  (A), were crushed 
t o  pass 100 mesh. Each catalyst  was heated t o  1800°~.in ul e l e c t r i c  
furnace for an extended period in contact w i t ; ?  a i r .  
samples were withdraxm f o r  determination of n i t r i c  acid soluble nickel 
concentration. The change in n i t r i c  acid soluble nickel content wizh 
time of exposure i s  shown i n  Figure 3 .  

ATter 96 hours a t  the t e s t  conditions both catalysts  showed a 
marked decrease in the concentration of acid soluble nickel.  It i s  
interest ing to  note the difference in r a t e  of decrease f o r  these two 
catalysts .  In curve B f o r  the high-purity alumina support the rate of 
decrease was almost a l i nea r  flmction of time. Since only nickel 
oxide and alumina were present i n  this catalyst ,  nickel aluminate 
would be the only suspected compound which would l o w e r  the concentra- 
t i o n  of ac id  soluble nickel.  This w a s  con f ined  by the x-ray diffrac-  
t i o n  pattern of  the catalyst  after exposure f o r  96 hours. O r d g  l i n e s  
Corresponding toa -a lua ina ,  nickel oxide and spinel were detectsd. No 
spinel l ines  were observed in the pat tern f o r  the new ca ta lys t .  Curve 
A f o r  the lower purity alumina base catalyst  shows a different  t h e -  
nickel concentration relationship.  The decrease in ac id  soluble 
nickel content was very rapid i n i t i a l l y ,  but approached &\e r a t e  in 
curve B after about 30 hours. The major materials present in t h i s  
catalyst  in addition t o  alumina and nickel oxide were 12.90 weight 
per cent s i l i c a  in  the support 'and 1.8 weight per cent magnesia added 
as promoter by coimpregnation as n i t r a t e  w i t h  the nickel. An x-ray 
dlffraction pattern of this catalyst  b d i c a t e d  that m e  silica w a s  in 
the form of aluminm s i l i c a t e  (jAl2O3.2SiO.02). In addition t o  spinel 
lines, the pattern of the catalyst  after 96 hours of exposure contain- 
ed unidentified l ines  corresponding t o  5.4, 4.7 and 1.84A. !These do 

Since both nickel oxide end magnesium oxide 

I n  the case of the nrg- 

Additional tests were conducted t o  determine if r;he rete of spinel 

A t  in tervals ,  
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not correspond t o  any nickel compound f o r  which x-ray data are  readily 
available. The difference between curves A and B could be at t r ibuted 
e i t h e r  t o  the formation of insoluble nickel compounds i n  addition t o  
nickel aluminate,or t o  an increased rate of formation of nickel > 
aluminate due t o  the presence of s i l i c a  o r  magnesia. 

Solid Solutions 

possible formation of so l id  solutions between nickel oxide and the 
To determine the relationship between catalyst  a c t i v i t y  and the 1 

magnesia ca t a lys t  support as indicated by the atmosphere t e s t s  describ- 
ed above, a number of samples of the same magnesia-supported catalyst  
C having various operating h i s to r i e s  and showing different  levels of 
a c t i v i t y  under comparable continuous reforming conditions were sub- 
jected to microscopic analysis. Descriptive data f o r  the samples sel-  
ected are itemized below: 

, 

I 3665' 
4.01 

IGT Sample No.  
Acid Soluble Nickel, w t  $ 
Approximate Re l a  t ive Cont inuou s 

Reforming Activity,  $ 100 1 2  0 70 15 
History New 29 hours Oxidized 29 hours 

P i lo t  Plant in Tube P i lo t  
Operation Furnace Plant 
a t  1400- f o r  9.5 Operatic 
1660OF. hours a t  a t  1830- 

1900° F. 

3664 1615 3% 4.47 4.63 

1700- 1890~~. 

For each sample the catalyst p e l l e t  was impregnated w i t h  Canada 
balsam,after which a t h i n  section through the center w a s  prepared. 
Photographs of the sections made w i t h  transmitted l i g h t  are shown in 
Figures 4 ,  5, 6 and 7. The original pore s t ructure  of the support 
material w a s  preserved and shows as white areas i n  these photographs. 

I n  Figure 4 ,  the new catalyst ,  two d i s t i n c t  phases a r e  apparent; 
a colorless isotropic  phase having an index of refract ion s l igh t ly  be- I 

low that of a 1.74 immersion medium (refract ive index of periclase: 
1.734-1.737) and a black opaque phase (nickel  oxide). The nickel 
oxide i s  concentrated near the surface of the p e l l e t  and especially 
around the perimeter of the larger  pores. Pa r t i c l e  s ize  of the peri- 
c lase  ranged from a maximum of approximately 50 microns down t o  a very 
f i n e  dust. The nickel  oxide p a r t i c l e  s i z e  wastoo s m a l l  t o  be 
determined . 
t i o n  i n  a p i l o t  plant  a t  r e l a t ive ly  low temperature. 
under continuous reforming conditions i n  the laboratory apparatus was 
found t o  be noticeably higher than that of the new catalyst .  Two 
phases are  apparent, as i n  the new catalyst .  However, the nickel oxide 
seems t o  be more uniformly dis t r ibuted throughout the pellet,and in- 
stead of being concentrated around the pore perimeters it appears t o  
have d i f h s e d  i n t o  a t h i n  layer  in  the grain boundary surrounding each 
periclase c r y s t a l l i t e .  Some grains have a refract ive index s l igh t ly  
above 1.74, whereas others have a refract ive index lower than 1.74. 
Since nickel oxide has a refract ive index of 2.37, the grains w i t h  a 
refract ive index higher than 1.74 undoubtedly contain nickel oxide i n  
s o l i d  solution. Sol ld  solution formation i n  th i s  sample is evidently 
in i n i t i a l  stages and far from complete. 

Figure 6 shows a section of the ca t a lys t  following air treatment 
i n  the laboratory reforming apparatus a t  1900'F. reactor tube w a l l  

Figure 5 shows a section of the catalyst  a f t e r  brief cyclic opera- 
The ac t iv i ty  
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4.-NEW CATAIYST C, a. TIVE ACTIVITY = 10% 
Fig. 5.-USED CATATXST C, 
FELATIVE ACTIVITY = 1 2 4  

. . ..,. 

Fig. 6.-Tf(EATED CATALYST C ,  
ACTMTY = 7 4  

Fig. 7.-USED CATALYST C, 
FIEUTIVE ACTIVITY = 15% 
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temperature (Test 3 ,  Table 2 ) .  This sample w a s  found t o  have approxi- 
mately 2 / 3  of the a c t i v i t y  of the new Catalyst. Two phases can be 
detected i n  t h i s  sample,although the amount of black opaque phase has 
great ly  diminished. Only a few grains were observed w i t h  an index of 
refract ion less than 1.74, indicating a substantial  amount of s o l i d  
solution formation. 

Figure 7 shows a sample of  catalyst  which was subjected t o  high 
temperatures i n  cycl ic  p i l o t  plant operation. The ac t iv i ty  of th i s  
material under continuous reforming conditions was very low, estimated 

Only one phase can be detected in 
th i s  sample, the nickel oxide phase having completely disappeared. Re-  
f r ac t ive  indices of a l l  grains were w e l l  above 1.74, indicating that . 
s o l i d  solution of the nickel oxide in  magnesia w a s  e s sen t i a l ly  complete. 
No grains with an index of refract ion greater than 1.78 were observed, 
indicating that the solutions formed were always d i lu t e  in  nickel 
oxide. The l a rges t  p a r t i c l e  s ize  i n  the sample was approximately four 
times that in the new catalyst ,  indicating that some recrystall ization , 
may have occurred. 

which occurs i n  the magnesia-supported catalyst  w i t h  use. It i s  in- 
terest ing t o  note that the ea r ly  changes i n  s t ructure  corresponding 
t o  nickel oxide migration throughout the pellet ,and incomplete so l id  
solution formation,are accompanied by an increase i n  reforming ac t iv i ty  
r a the r  than a decrease. This r e s u l t  agrees w i t h  the findings of 
HUttig w i t h  mixtures of metal oxide cata1yst.l’ H’tlttig describes a 
s e r i e s  of states t h a t  occur during the formation of a s o l i d  solution 
from a mixture of metal oxides. The ini t ia l  states consti tute diffu- 
sion of the more mobile la t t i ce  over and around the less mobile i 

lat t ice.  IPuttig relates the highly disordered condition which is  
created t o  increased ca t a ly t i c  ac t iv i ty .  The f i n a l  state,consti tuting 
the complete solut ion and f i l l i n g  i n  of l a t t i c e  defects, he r e l a t e s  t o  
W i s h i n g  c a t a l y t i c  ac t iv i ty .  

CONCLUSIONS 

i 

’ at about 15% of the new catalyst .  

This series of analyses seems t o  indicate the path of the change 

It appears from the re su l t s  of this study that the factors  which 
influence overal l  performance of the ca t a lys t  i n  the cyclic reforming 
process,as well  as ca t a lys t  life, a re  qui te  different  from significant 
f ac to r s  f o r  the continuous reforming process. For this reason, cata- 
l y s t  properties which have generally been considered desirable in con- 
tinuous reforming ca t a lys t s  may not be sat isfactory for the cyclic 
process. Likewise, the methods commonly used t o  evaluate catalyst  
performance for continuous reforming do n o t  appear adequate t o  predict  
the behavior of ca t a lys t s  under cyclic conditions. 

Although the cycl ic  process is extremely complex, the data from 
th is  study lead t o  several  general conclusions regarding performance 
of supported nickel catalysts  of the type employed i n  commercial 
practice.  F i r s t ,  the suscept ibi l i ty  of the nickel content of the 
catalyst  t o  rapid oxidation and reduction appears t o  be closely re- 
l a t e d  t o  good overal l  refortning efficiency i n  cyclic operation. Second, 
catalyst  a c t i v i t y  i s  decreased by any changes which r e su l t  i n  decreas- 
ing the amount of nickel  available f o r  oxidation and reduction. For 
alumina-supported catalysts  a major f ac to r  contributing t o  loss  in 
a c t i v i t y  appears t o  be the formation of spinel by reaction between 
nickel oxide and the support. For magnesia- supported catalysts  a 
similar effect  appears t o  r e s u l t  from solution of n3.ckel oxide i n  the 
support. In both instances, the undesirable changes must occur during 
the heating portion of the cycle,when all or par t  c/f the nickel is 
present as the oxide. 
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I 
1 cyclic reforming process. One f o r  vhich very l i t t l e  specif'$ ckta 
\ are  available i s  the e f f ec t  of coatings b u i l t  up on the surface of 
4 the catalyst  w i t h  use,from dust constituents in the combustion air, 

o r  from ash content of o i l  feed o r  fue l .  
' necessary to  define these eff'ects,as well as to  determine methods fc,r 1 improving catalyst  performance and l U e .  

Many other factors  may contribute t o  short  ca t a lys t  lvk, in t'ile 

Aaditional studies w i l l  be 
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